A triple cropping system, combining spring maize, pearl millet, and twice-cut blast disease resistant Italian ryegrass, was examined for the 2016-2017 and 2017-2018 growing seasons to achieve quality herbage production in Miyazaki, southern Kyushu, Japan. The growth of the three crops reached to harvest, even though typhoon and heavy rainfall occurred. Annual dry matter (DM) yield of the triple crops was 4098 g m −2 and 4349 g m −2 in the first and second cropping seasons, respectively. The observed total digestible nutrients (TDN) were higher in spring maize (up to 68.2% and 76.8%), pearl millet (up to 60.0% and 67.9%), and Italian ryegrass (up to 71.6% and 68.6%), during the first and second season, respectively, leading to an annual TDN yield of 2357 g m −2 and 2938 g m −2 . The results suggest that the present established triple cropping system is feasible for obtaining high yields with more digestible nutrients in the forages.
Introduction
The world is facing global challenges with the projected increase in world population from the current seven-billion people to 9.6-billion people by 2050 [1] . Commensurate with the growing population, increased urbanization and income growth changes in dietary patterns boost substantial increases in human food, to which milk, meat, and milk products are predicted to be in highest demand by 2050 [2, 3] . Sustainable intensification in agriculture, including a livestock production system, is required to overcome this global food challenge [2, 4, 5] . In line with these demands, a stable supply of animal feed is essential for developing continuous livestock production [5, 6] . However, in eastern Asian countries, including China and Japan, feed supply for animal production largely depends on imported concentrates, and it is easily affected by the unstable and increasing tendency in the price of imported feeds [7] . This is due to adverse climatic conditions in forage producing areas, such as the corn belt in the United States, competition with bio-fuel feedstuffs, variable international exchange rates, and fluctuating prices of petroleum used in the operation of farm machinery and transportation [8] . Climate change causes a major stress on livestock production [9] and it affects the quantity and quality of forage crops. The mitigation of stress in forage cropping systems varies for specific regions [10, 11] , such as Europe and China [12] , and optimum management practices 
Climatic Conditions
In the 2016-2017 season, precipitation was higher at 607 mm, 389 mm and 670 mm in June, July, and September, respectively, than that in a normal year (based on averages for 1980-2010), and one typhoon hit the Miyazaki region in late September, while precipitation in August was lower than that in a normal year. In the 2017-2018 season, precipitation was higher in March, April, August, October, and November than that in a normal year, was highest at 575 mm and 557 mm in September and October, respectively. Lower than normal precipitation amounts of 222 mm, 363 mm, and 124 mm occurred in May, June, and July, respectively. Two typhoons hit the Miyazaki region, one in early August and one in mid-September. The annual precipitation was 2951 mm and 2722 mm in 2016 and 2017, respectively, which was higher than the normal amount of 2510 mm averaged over 30 years from 1980-2010 [30] .
The annual mean temperature was higher in the 2016-2017 season (18.6 • C) than a normal year (17.4 • C), especially from September to December, for the period of the first-cut Italian ryegrass. In the 2017-2018 season, the mean temperature was higher in June, July, and October, and was lower in December than in a normal year, while the annual mean temperature of 17.6 • C was almost the same as in a normal year (Figure 1) , based on the observation in Japan Meteorological Agency [30] . 
Experimental Design and Treatments
Arrangement of maize and Italian ryegrass cultivars was allocated in a randomized block design with three replicated blocks (replications). The field was allocated to three blocks and one block with an area of 13 × 3 m (39 m 2 ) was divided into three plots for each cultivar, sized at 3 × 3.5 m (10.5 m 2 ), with the border at 3 × 1.25 m (3.75 m 2 ) between plot (cultivar) for both spring maize and Italian ryegrass in both the 2016-2017 and 2017-2018 growing seasons. Pearl millet was cultivated in the whole of block (39 m 2 ) with three replications. Before the present study, the previous triple cropping system in the 2013-2014 and 2014-2015 growing seasons [13, 15] was examined in the field with the same manure and chemical fertilizer application. The sowing time of each crop was the same among cultivars in each growing season. Sampling was conducted to avoid the edge effect of each plot by getting plants at least two rows inner from the edge.
Soils were fine volcanic ash soils (Andosol). The plots were rotary-plowed, and cattle manure at 3 kg·m −2 and slaked lime at 0.15 kg·m −2 were applied as basal fertilizer before the sowing of maize, pearl millet, and Italian ryegrass. The plant densities of maize were 13.3 plants/m 2 and 8.89 plants/m 2 by thinning to one plant per spot at the fourth-fifth leaf stage in the 2016-2017 and 2017-2018 season, respectively. Decrease in plant density during the second growing season was due to escape from the risk of lodging of higher RM cultivars if grown under the high density. Chemical fertilizer was split applied three times at the rate 18 g m −2 of N, P 2 O 5 , and K 2 O during each growing season. The measurement for plant growth was carried out by two plants per replication at 2-3-week intervals from the fourth-fifth stage, and harvested in mid-July. The plant attributes determined were plant height, leaf age, and fresh and dry weights of each plant fraction.
The commercial cultivar of pearl millet, "NatsuItalian", was cultivated in the same block area (39 m 2 ) as spring maize with three replications. Ridge sowing was conducted at a rate of 1 g·m −2 with an inter-row spacing of 40 cm. Chemical fertilization was additionally split-applied to a total of twice at 12 g·m −2 each of N, P 2 O 5 , and K 2 O in mid-July for both growing seasons. Plant emergence was measured from two weeks after sowing, and plant attributes, such as plant height, tiller density, and fresh and dry weights of each plant fraction were determined by two samples of 50 cm-length of row per replication at three-week intervals up to harvest at the stem elongation stage in early September for both seasons.
Italian ryegrass was cultivated in the same block area (39 m 2 ) as pearl millet, and the cultivars were allocated in a randomized block design with three replications. Ridge sowing at 1.5 g·m −2 was conducted with an inter-row spacing of 40 cm. The chemical fertilizer was additionally split-applied a total of three times at 14 g·m −2 each of N, P 2 O 5 , and K 2 O. Plant attributes, such as plant height, tiller density, heading tiller density, and fresh and dry weights of each plant fraction were determined by two samples of 50 cm × 50 cm quadrat per replication at two-week intervals up to the first-cut in mid-December, and the second-cut in late February 2017 and mid-March 2018.
Crop growth rate (CGR) was evaluated by the difference of the DM yield (g·m −2 ) at the present and that at the previous sampling, divided by the sampling period (day) for each crop and cultivar. The annual DM yield was calculated with the summation of the average of DM yield in each crop for each growing season.
Effective cumulative temperature (ECT) was calculated, as follows: ECT = Σ (daily mean temperature −10 • C) for the growth periods, based on the observation in Japan Meteorological Agency [30] .
Forage Quality Analyses
The plant samples were fractionated into each plant fraction and dried at 72 • C for 72 h in a forced air oven. Dried plant fractions at harvest for milk-yellow ripe stage in spring maize, stem-elongating to pre-heading stage in pearl millet, and early heading stage in Italian ryegrass were ground to pass through a 1-mm sieve in a duplicate per replication. Neutral detergent fiber (NDF), acid detergent fiber Agronomy 2019, 9, 277 5 of 17 (ADF), and acid detergent lignin (ADL) were determined by a detergent method [31] using ANKOM filter bag procedures [32] with the ANKOM-200 Fiber Analyzer.
Total digestible nutrient (TDN) concentration of Italian ryegrass was estimated while using the following regression equation from the ADF concentration [33] :
(1) and the corresponding regression equation for spring maize and pearl millet crops [34] (Committee for the Nutritive Value of Grass and Forage Crops, 1991) was:
In vitro dry matter (DM) digestibility (IVDMD) was determined by a pepsin-cellulase assay [35] using the filter-bag method.
Statistical Analysis
Statistical analysis was conducted to compare the physical contents, DM yield, IVDMD, NDF, ADF, and ADL content of all cultivars for each of spring maize, pearl millet, and Italian ryegrass on a per-harvest basis. Differences in means were evaluated by Fisher's least significant difference test at the 5% level using Excel Statistics 2016 software (Microsoft ® Excel for Mac) by one-way analysis of variance.
Results
In the first season (2016-2017), spring maize crops, including "Solido, RM 78" and "Anjou 284, RM 90" were cultivated from late April to mid-July, reaching the yellow-ripe stage, with a plant height extremely similar between the cultivars "Solido" at 249 cm and "Anjou 284" at 250 cm at harvest. In the second season (2017-2018), the plant height tended to be higher at 265 cm in "Snow Dent" as compared with "Neo Dent Acyl" at 240 cm, followed by "Anjou 284" at 233 cm ( Figure 2A ). For pearl millet "NatsuItalian", plant height tended to be lower by 40 cm at eight weeks from sowing at the second than at the first growing season ( Figure 2B ). In the first season of Italian ryegrass, plant height during the early growth stage was significantly higher in "Kyushu 1" and "Kyushu No. 2" than in "Hanamiwase", while it was significantly higher in "Hanamiwase" than in "Kyushu No. 2" at harvest of the second-cut plants. However, in the second cropping season, plant height did not differ among the three cultivars from the early growth stages up to the first cut, contrary to the higher plant height in "Kyushu 1" and "Hanamiwase" than "Kyushu No. 2" at the harvest of the second-cut plants ( Figure 2C ). The changes in the tiller density in both pearl millet and Italian ryegrass for two growing seasons showed that the tiller density in pearl millet "NatsuItalian" was highest at two weeks after sowing and they tended to decrease with growth up to harvest both in the first and second cropping seasons ( Figure 3A ). However, for Italian ryegrass, "Kyushu 1" and "Kyushu No. 2" had increased tiller density from the early growth stage up to harvest in the first cropping season, when "Hanamiwase" had significantly lower density, while the cultivar reached the highest density at harvest in the second cuts. Except for the first month after sowing, tiller density in all three Italian ryegrass cultivars did not differ in the second cropping season ( Figure 3B ). The changes in the tiller density in both pearl millet and Italian ryegrass for two growing seasons showed that the tiller density in pearl millet "NatsuItalian" was highest at two weeks after sowing and they tended to decrease with growth up to harvest both in the first and second cropping seasons ( Figure 3A ). However, for Italian ryegrass, "Kyushu 1" and "Kyushu No. 2" had increased tiller density from the early growth stage up to harvest in the first cropping season, when "Hanamiwase" had significantly lower density, while the cultivar reached the highest density at harvest in the second cuts. Except for the first month after sowing, tiller density in all three Italian ryegrass cultivars did not differ in the second cropping season ( Figure 3B ). The dry weight of whole spring maize plants was highest at 2304 g·m −2 in "Snow Dent", as compared with "Neo Dent Acyl" at 2073 g·m −2 , followed by "Anjou 284" at 1936 g·m −2 in the second cropping season, while no differences were observed between "Anjou 284" and "Solido" from six to 11 weeks after sowing in the first season. In the second cropping season, the dry weights of leaves and stems were significantly higher in "Snow Dent", followed by "Neo Dent Acyl" and "Anjou 284" at the milk-filling stages (14 weeks after sowing); however, no differences were observed in either plant fraction among the three maize cultivars at the yellow-ripe stage (17 weeks after sowing) in the second cropping season ( Figure 4A ).
The leaf blade and stem dry weights of pearl millet tended to be higher in the first than in the second cropping season, while the opposite was observed for dead leaf weight ( Figure 4B ).
The dry weight of Italian ryegrass did not differ among the three cultivars in all developmental stages, up to the first cut in both the first and second cropping seasons, while the stem dry weights at the second cuts were the highest in "Hanamiwase", and "Kyushu 1" and "Hanamiwase" in the first and second seasons, respectively ( Figure 4C ). The dry weight of whole spring maize plants was highest at 2304 g·m −2 in "Snow Dent", as compared with "Neo Dent Acyl" at 2073 g·m −2 , followed by "Anjou 284" at 1936 g·m −2 in the second cropping season, while no differences were observed between "Anjou 284" and "Solido" from six to 11 weeks after sowing in the first season. In the second cropping season, the dry weights of leaves and stems were significantly higher in "Snow Dent", followed by "Neo Dent Acyl" and "Anjou 284" at the milk-filling stages (14 weeks after sowing); however, no differences were observed in either plant fraction among the three maize cultivars at the yellow-ripe stage (17 weeks after sowing) in the second cropping season ( Figure 4A ).
The dry weight of Italian ryegrass did not differ among the three cultivars in all developmental stages, up to the first cut in both the first and second cropping seasons, while the stem dry weights at the second cuts were the highest in "Hanamiwase", and "Kyushu 1" and "Hanamiwase" in the first and second seasons, respectively ( Figure 4C ). In the first growing season of spring maize, when the sowing date was 20 days later than in the second growing season, the rise in the crop growth rate (CGR) was delayed by about 200 • C and CGR reached its peak around 50 g·m −2 ·day −1 at harvest ( Figure 5A ). In the second season, the rise in CGR was faster in the cultivars of "Neo Deny Acyl" and "Anjou 284, RM 90" than "Snow Dent, RM 108", while "Snow Dent" surpassed the other two cultivars after 800 • C up to harvest, followed by "Neo Dent Acyl, RM 90", and the lowest in "Anjou 284, RM 90", as shown in Figure 5A . In the first growing season of spring maize, when the sowing date was 20 days later than in the second growing season, the rise in the crop growth rate (CGR) was delayed by about 200 °C and CGR reached its peak around 50 g·m −2 ·day −1 at harvest ( Figure 5A ). In the second season, the rise in CGR was faster in the cultivars of "Neo Deny Acyl" and "Anjou 284, RM 90" than "Snow Dent, RM 108", while "Snow Dent" surpassed the other two cultivars after 800 °C up to harvest, followed by "Neo Dent Acyl, RM 90", and the lowest in "Anjou 284, RM 90", as shown in Figure 5A . Pearl millet "NatsuItalian" tended to have a similar CGR up to 600 • C among the two seasons, while CGR was higher in the second season than in the first season due to the higher ECT ( Figure 5B ). Italian ryegrass in the first season delayed the rise of CGR by 300 • C when compared with the second season for the first-cut plants, while the rise of CGR was uniformly faster among the two seasons in the second-cut plants due to the optimum temperature for the regrowth of grass in February and March (Figure 5C,D) . For the second-cut plants, the CGR values were higher in the second season than in the first season among the three cultivars ( Figure 5C ).
The plant DM yields of spring maize, pearl millet, and Italian ryegrass in both the first and second seasons showed that DM production of maize increased from the first to the second season when ECT increased by 40 • C, which suggested that the thermal condition has positive physiological effects on plant DM productivity (Table 1) . On the other hand, DM yield in pearl millet "NatsuItalian" decreased from the first to the second season, despite the increase in ECT from 979 • C to 1050 • C. The precipitation in July 2017 was significantly lower than that in July 2016, when the pearl millet was in the early vegetative stage, and the drought conditions might have hindered growth.
In general, no differences in DM yield appeared between the maize cultivars "Solido" and "Anjou 284", and among Italian ryegrass cultivars "Kyushu 1", "Kyushu No. 2", and "Hanamiwase". However, the leaf blade yield was significantly higher in "Anjou 284" than in "Solido", contrary to the lower stem yield in "Anjou 284" than in "Solido". The ear percentage of maize was highest in cultivars with RM 108, followed by those with RM 90, and RM 78 across the two growing seasons.
No significant differences appeared in the DM yield for leaves, stems, or ears among either Italian ryegrass cultivar in the first-cut plants. However, the stem DM yield of the second-cut plants in "Hanamiwase" was significantly higher than that in "Kyushu No. 2".
The TDN concentration in whole plants and TDN yield in stem fractions in the maize cultivar "Anjou 284" were significantly higher than those in "Solido", while no difference appeared in terms of TDN concentration for each plant fraction, or TDN yield for each plant fraction between the two cultivars. It was also noticeable that both leaf and stem DM yields of "Anjou 284" were significantly higher than those of "Solido", while no difference appeared in the ear or whole plant DM yields across maize cultivars.
Significant differences appeared in the TDN yields in the leaves and stems in the second-cut Italian ryegrass among the three cultivars, showing the lowest yield in "Kyushu No. 2" due to the lowest TDN yield in stems. However, the TDN yields of Italian ryegrass in the second-cut plants moderately decreased from the first to the second season (Table 1) .
The forage quality attributes of IVDMD and concentrations of structural carbohydrates (NDF, ADF, and ADL) in maize, pearl millet, and Italian ryegrass in both the first and second growing seasons ( Table 2) showed that no significant differences in IVDMD, NDF, ADF, or ADL appeared between two maize cultivars "Solido" and "Anjou 284" in terms of stem and ear fractions, except for leaf IVDMD, which was significantly higher (p < 0.05) in "Solido" than in "Anjou 284". On the other hand, significant differences appeared in the stem IVDMD of Italian ryegrass cultivars in the first-cut plants in the first growing season and leaf and stem IVDMD in the second-cut plants in the second season.
Annual DM and TDN yields in the two growing seasons ( Figure 6 ) showed that the DM and TDN yields in both maize and the second-cut Italian ryegrass were higher in the second growing season than in the first season, since maize used "Snow Dent, RM 108" in the second season from "Anjou 284, RM 90" in the first season, and annual TDN yield was higher in the second season than in the first season ( Figure 6 ). The annual DM yield of the triple crops was 4098 g DM/m 2 and 4349 g DM/m 2 in the first and second cropping seasons, respectively. The observed TDN were higher in the spring maize (up to 68.2% and 76.8%), pearl millet (up to 60.0% and 67.9%), and Italian ryegrass (up to 71.6% and 68.6%) during the first and second season, respectively, leading to an annual TDN yield of 2357 g DM/m 2 and 2938 g DM/m 2 in the first and second seasons, respectively. 
Discussion
There is growing concern regarding the impacts of climatic change on forage productivity and quality for livestock animals worldwide. The mitigation of climatic change includes the utilization of different crops, increasing forage production, sowing dates, and improving cropping systems. In southern Kyushu, Japan, Yang et al. [15] developed a triple maize with barley (quadruple) cropping system to achieve a high level of DM yield at 40 Mg/ha in southern Kyushu, Japan. However, in this former study, switching from the preceding to the following crop remained only a few days in difficulty to be carried out, and the DM yields of the second and third maize crops were not very stable due to the adverse effects of heavy rainfall and typhoon damage, and the lower temperature in the growing season, respectively. Therefore, the second and third maize crops and winter barley crop were replaced with tropical and temperate annual grass species to improve stable herbage.
In this study, the second and third maize and the winter barley crops were replaced with pearl millet and Italian ryegrass to achieve quality herbage production. During the 2016-2017 cropping season, spring maize "Anjou 284, RM 90" showed higher DM yield than "Solido, RM 78", which agreed with the previous findings [15] . Among the three cultivars of maize in the 2017-2018 season, "Anjou 284, RM 90" showed the lowest yield, as compared with cultivars of RM 108, even though the DM yield in Anjou 284 was higher in 2017 than in 2016, which corresponded with the slight increase in ECT (ceiling temperature at 10 • C, as in [36] ) by 40 • C from the 2016 season. Early sowing of maize should be more feasible to select the cultivars with an RM of over 90 for this region [37] , when it is sown in mid-March.
Pearl millet achieved a yield of 1381 g DM/m 2 and 985 g DM/m 2 , and 823 and 634 g·m −2 of TDN in two months during the first and second growing season, respectively. The yield decrease in the second season may be an effect of drought stress at the early vegetative stage in late July and early-mid August, 2017. Drought stress specifically at the germination stage and during the pre-harvest season is a major stressor to pearl millet, which significantly affects its establishment and crop yield, respectively. However, DM and TDN yield levels of pearl millet under two-month growth were almost comparable with summer maize crops under three-month growth in the previous study [13, 15] . No lodging happened in the crop, even by two hits of typhoon in 2017. Pearl millet has the greatest potential among all summer-sown annual forage crops, as it possesses all of the desirable characteristics of forage yield and quality [38] , when compared with the other species. It is more robust and quick-growing, more drought resistant, has more profuse tillering and produces a higher number of leaves than proso millet (Panicum miliaceum) and sudangrass (Sorghum bicolor), has a higher leaf/stem ratio than sudangrass and sorghum × sudangrass, and it has better digestibility than sorghum × sudangrass [38] and sorghum [39] . In addition, with the exception of pearl millet, all summer annual grasses, such as sorghum and sudangrass, are known as nitrate accumulators in which nitrates cause prussic acid toxicity and sudden death to livestock when they are harvested at the juvenile stage [40] .
In order to maximize the yield for the early winter season, two newly introduced late summer sowing and blast disease-resistant Italian ryegrass cultivars ("Kyushu 1" and "Kyushu No. 2") were evaluated and compared with an early-autumn sowing Italian ryegrass cultivar ("Hanamiwase"), which is sensitive to blast disease under sowing in late summer and evaluation for two-cutting practices. Typhoon damage in the examined site during the initial establishment in the first season did not affect the DM yield of the first-cut crop in the first season in a range of 205-342 g·m −2 as compared with that in the second season in 211-290 g·m −2 . DM yield in "Kyushu 1" was more productive than in "Hanamiwase" and "Kyushu No. 2" for the first-and second-cuts in the two growing seasons among three cultivars, which had the slight negative effect of high precipitation levels in late summer.
Crop growth rate (CGR) is majorly dependent on growing temperature if drought stress is not imposed [41] . Based on our data, DM production in maize, pearl millet, and Italian ryegrass was positively related with CGR, and it was efficient when CGR peaked under the optimum ECT. The early-heading cultivar "Kyushu 1" showed the highest DM yield and CGR in the first and second-cuts in the second season, even though typhoons also hit the region in late October 2017. Higher ECT of the first-cut Italian ryegrass in the first growing season by 222 • C was mainly due to mid-September sowing rather than late-September sowing in the second season. However, high ECT at the sowing season had a negligible effect on the peak of CGR around 10-12 g·m −2 ·day −1 at the pre-harvest season of the first-cut Italian ryegrass. Therefore, the harvest of pearl millet should better be delayed to mid-September, if the sowing of blast-disease resistant Italian ryegrass is achievable in late September. The fast peak in CGR that was achieved within limited ECT in the second-cut Italian ryegrass was derived from "spring-flush" with early heading in the crop. Therefore, mid-or late-September sowing of Italian ryegrass might be feasible and safe to gain twice cuts until mid-March for the region.
Climatic disasters are inevitable in southern Kyushu, Japan, including low winter temperatures, frost damage on the emergence of maize, heavy rainfall in the rainy season (June to early July), summer drought stress, lodging stress from typhoons in pearl millet and high precipitation levels, and erosion damage at the plant establishment stage of Italian ryegrass from typhoons. Our results indicate that the sowing of maize in early spring obtained a higher DM yield; however, it is possible that the lower than normal precipitation rate in June and July may have positively affected maize yield in the second season. Early-summer sowing of pearl millet was initially productive in the first cropping season, but waterlogging during the initial establishment can affect its production. However, pearl millet still produces a higher yield when compared to other short-term summer forage crops, such as Teff and maize. In addition, it is possible to harvest twice in early-winter and early-spring with the introduction of the newly blast-disease resistant Italian ryegrass cultivars. As observed during this study, it is possible that this triple cropping system can escape the climatic disasters, such as typhoon and heavy rainfall in southern Kyushu.
The forage quality of pearl millet in summer and the first harvest of Italian ryegrass in early-winter can achieve high digestibility of herbages. Italian ryegrass and oats are important forage crops in early-winter and the following spring in southern Kyushu, Japan. However, the conditions for cultivation (high temperature, daylength shift, and temperature shift) of late-summer-sown oats are not favorable, as they influence panicle emergence and subsequent growth [14] . Blast-disease resistant and heat-tolerant Italian ryegrass can be a promising forage crop to compensate for seasonal changes from late summer to fall.
Annual DM and TDN yields of the triple crops was 4098 g DM/m 2 and 2377 g·m −2 , respectively, in the first cropping season and 4349 g DM/m 2 and 2938 g·m −2 , respectively, in the second cropping seasons, which surpassed 3100 g DM/m 2 in double cropping of maize and Italian ryegrass [42] and 2200 g·m −2 of TDM yield in maize double-cropping system in the region [43].
Conclusions
In the first and second seasons, the combination of spring maize, pearl millet, and twice-cut Italian ryegrass achieved higher DM and TDN yields as compared with those in the common maize and Italian ryegrass cropping and successfully avoided yield loss due to the typhoon in mid-September. Blast-resistant and heat-tolerant Italian ryegrass can be a promising forage crop to compensate for seasonal changes from late summer to fall. The present cropping system suggests the feasibility to achieve high-yielding and quality herbage production without being affected by climatic disasters in southern Kyushu, Japan. Funding: This research was partly supported by the grant-in-aid of the special scheme project on regional developing strategy (BRAIN).
